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醇水蒸气重整（ESR；C2H5OH + 3H2O → 2CO2 +6H2）成为最具吸引力的制氢方
式之一。 
催化剂在 ESR中起到至关重要的作用，高效的 ESR催化剂应该最大程度地
提高氢气选择性，同时有效抑制积碳和 CO 的产生。应用于 ESR 最早的催化剂




































不同 Ni/Zr摩尔比（i/1）的一系列 NiiZr1Yb0.8催化剂对 ESR活性的调查结果
显示，CO2、CO 和 CH4是主要的含碳产物，极少量的乙醚可以忽略。在六种测
试的催化剂中，Ni1.25Zr1Yb0.8催化剂显示出最高的催化活性，在 0.5 MPa，723 K，
n(CH3CH2OH)/n(H2O)/n(N2) = 10/30/60，GHSV = 80,000 mLSTP·h-1·g-cat-1的反应条
件下，X(EtOH)、S(CO2)、S(CO)和 S(CH4)分别为 24.7%、75.4%、16.2%和 8.4%，
相应地，STY(H2)达到 0.435 mol·h-1·g-cat-1。然而，在相同的反应条件下，Ni/Zr摩
尔比为 0.75、1.00、1.75、2.00的催化剂上，STY(H2)依次为 0.351 mol·h-1·g-cat-1、
0.397 mol·h-1·g-cat-1、0.419 mol·h-1·g-cat-1、0.399 mol·h-1·g-cat-1。结果还显示，随着
Ni/Zr 摩尔比的增加，X(EtOH)有明显的提高，而当 Ni/Zr 摩尔比高于 1.25 后，


































温度 623 K经 H2还原的催化剂对 ESR显示出最高的催化活性，在上述反应条件
下，X(EtOH)、S(CO2)和 STY(H2)分别达到 24.7%、75.4%和 0.435 mol·h-1·g-cat-1；
而分别在温度 523 K、573 K、673 K和 723 K，经 H2还原的催化剂在相同反应
条件下，其 X(EtOH)分别只为 15.1%、19.8%、23.9%和 22.2%，相应的 S(CO2)
分别为 66.5%、70.1%、74.5%和 72.9%，STY(H2)分别为 0.301 mol·h-1·g-cat-1、0.398 
mol·h-1·g-cat-1、0.426 mol·h-1·g-cat-1和 0.421 mol·h-1·g-cat-1。 
2.2 反应温度的优化 
反应温度对 ESR反应的转化率和 CO2选择性有显著影响，实验结果显示，
在 Ni1.25Zr1Yb0.8催化剂上，在 0.5 MPa，n(CH3CH2OH)/n(H2O)/n(N2) = 10/30/60，
GHSV = 80,000 mLSTP·h-1·g-cat-1的反应条件下，随着反应温度从 623 K逐步升高，
X(EtOH)和 STY(H2)单调上升，而 S(CO)单调下降；S(CO2)迅速上升并在 723 K时
达到最大，而后下降；相应的，S(CH4)下降并在 723 K时达到最小，而后上升。




Ni1.25Zr1Yb0.8 催化剂上 ESR 的反应活性，结果显示，在 0.5 MPa，723 K ，
n(CH3CH2OH)/n(H2O)/n(N2) = 10/30/60 的反应条件下，随着 GHSV 从 70,000 
mLSTP·h-1·g-cat-1 逐步升高，X(EtOH)单调下降；STY(H2)迅速上升并在 GHSV = 
90,000 mLSTP·h-1·g-cat-1时达到最大，而后缓慢下降。同时，S(CO)缓慢下降，S(CO2)
和 S(CH4)在 GHSV = 90,000 mLSTP·h-1·g-cat-1时分别达到最大值和最小值。为了获



















为优化原料气的组成，遂考察预混合 EtOH-H2O（摩尔比 1:3）原料气在 N2-
载原料气((EtOH-H2O) + N2)中的含量（mol%）对 ESR反应活性的影响。结果显
示，在 0.5 MPa，723 K，GHSV = 90,000 mLSTP·h-1·g-cat-1的反应条件下，随着 mol%
从 30%逐步升至 80%，X(EtOH)、S(CO)和 S(CH4)均单调缓慢下降，S(CO2)保持
在75%～78%，STY(H2)逐步上升并在mol% = 50%时达到最大。为兼获高的STY(H2)
和低的原料乙醇消耗，原料气组成以 EtOH/H2O/N2 = 12.5/37.5/50 (mol./mol. /mol.)
为佳。 
3. Yb2O3促进的 Ni-ZrO2催化剂对 ESR的催化性能 
3.1 Yb2O3促进的 Ni-ZrO2催化剂的催化性能 
Ni1.25Zr1Yb0.8 催化剂对 ESR 催化性能的评价在上述优化的反应条件（0.5 
MPa，723 K，GHSV = 90,000 mLSTP·h-1·g-cat-1，n(CH3CH2OH)/n(H2O)/n(N2) = 
12.5/37.5/50）下进行，反应 120 h时，X(EtOH)为 18.2%，相应的 STY(H2)为 0.396 
mol·h-1·g-cat-1。这个 STY(H2)值是不含 Yb2O3的非促进的原基质 Ni1.25Zr1催化剂的
相应值（0.247 mol·h-1·g-cat-1）的 1.6倍。 




均缓慢下降，反应 240 h后，分别从反应 20 h时的 17%、77%和 0.330 mol·h-1·g-cat-1
降至 7%、65.1%和 0.204 mol·h-1·g-cat-1。 

















所研发的 Ni1.25Zr1Yb0.8催化剂用于 ESR反应的热稳定性在 0.5 MPa， GHSV 
= 90,000 mLSTP·h-1·g-cat-1，n(CH3CH2OH)/n(H2O)/n(N2) = 12.5/37.5/50，723 K ～ 
973 K的反应条件下进行，并与 Ni1.25Zr1催化剂比较。180 h的耐热试验中，连续
在 723 K、823 K、873 K、923 K和 973 K每个温度点保持 24 h再降回 723 K后
的催化剂活性测试结果表明，Ni1.25Zr1Yb0.8 催化剂上 ESR 反应的转化率
（X(EtOH)）一直保持在 19%以上，没有观察到失活的现象。相反地，在 823 K
经过 24 h热处理操作后，Ni1.25Zr1催化剂上 X(EtOH)降至 4.4%。这种转化率的突
然下降暗示着催化剂烧结失活。 
3.4 表观活化能 
ESR反应的表观活化能（Ea）的测试结果显示，在 0.5 MPa， GHSV = 105,000 
mLSTP·h-1·g-cat-1，n(CH3CH2OH)/n(H2O)/n(N2) = 12.5/37.5/50，673 K ～ 773 K的
反应条件下，Ni1.25Zr1Yb0.8 和 Ni1.25Zr1 两种催化剂上所观测 Ea 值分别为 74.5 
kJ·mol–1和 71.5 kJ·mol–1，彼此相当接近，表明适当添加 Yb2O3于 Ni1.25Zr1基质催
化剂中并不引起 ESR 反应的表观活化能发生明显变化，暗示 Yb2O3的参与并不
导致 ESR反应主要途径的速率决定步骤有所改变。 
4. 催化剂的表征 
4.1 SEM/EDX和 TEM观测 
从 SEM图像可以看出，在 0.5 MPa，723 K，n(CH3CH2OH)/n(H2O)/n(N2) = 
12.5/37.5/50, GHSV = 90,000 mLSTP·h-1·g-cat-1的反应条件下反应 240 h后的准工作
态 Ni1.25Zr1Yb0.8 和 Ni1.25Zr1 催化剂显示的差异。在 Ni1.25Zr1Yb0.8 催化剂上，
Nix0-NiOy纳米颗粒保持相同的形状和颗粒大小，并且均匀分散于(Zr-Yb)Oz复合
载体上。由于在 SEM 图中很难将 Nix0-NiOy纳米颗粒和(Zr-Yb)Oz复合载体区别
开来，所以我们将 Nix0-NiOy/(Zr-Yb)Oz 作为一个复合整体对待。经估算，在
Ni1.25Zr1Yb0.8催化剂中，Nix0-NiOy/(Zr-Yb)Oz的颗粒大小约为 15～30 nm。相反地，





















及其含量分别为 Ni/Zr/Yb/O/C = 8.0/6.6/6.2/20.6/58.6(mol%)和 Ni/Zr/O/C = 
0.6/0.4/6.7/92.3(mol%)。进一步印证了 Ni1.25Zr1 催化剂表面大量积碳以致形成碳
纳米管（CNTs）或碳纳米纤维（CNFs）的研究结果。 
TEM研究结果显示，在 0.5 Mpa，n(CH3CH2OH)/n(H2O)/n(N2) = 12.5/37.5/50, 
GHSV = 90,000 mLSTP·h-1·g-cat-1的反应条件下，经过 973 K下 24 h耐热测试后，
Ni1.25Zr1Yb0.8催化剂表面 Nix0-NiOy/(Zr-Yb)Oz纳米颗粒仍然大小形状均匀，然而，




H2-TPR测试结果显示，加入适量 Yb2O3后，催化剂的主还原峰由 750 K移
至 716 K，同时，在低温区 623 K出现一个新的副还原峰，两种催化剂在 573 K～
923 K温度范围内的比耗氢量（即单位质量 Ni被还原的耗氢量）的相对比例为




观测结果显示，在 0.5 Mpa， 723 K， n(CH3CH2OH)/n(H2O)/n(N2) = 
12.5/37.5/50，GHSV = 90,000 mLSTP·h-1·g-cat-1的反应条件下反应 240 h后，两种准
工作态催化剂除了在 2θ = 44.5º和 51.8º均出现金属 Ni颗粒的特征衍射峰外，无
论是峰形还是峰的位置都有很大不同。根据文献，Ni1.25Zr1Yb0.8 催化剂在 2θ = 
29.9º，34.6º，49.9º 和 9.3º 的特征衍射峰可归属于立方相的 Yb3+修饰 ZrO2
（c-(Zr-Yb)Oz）。对于 Ni1.25Zr1催化剂，在 2θ = 30.1º，34.8º，35.2º，50.1º和 60.0º



















4.5 nm和 4.8 nm，而在准工作态 Ni1.25Zr1催化剂中，Nix0，t-ZrO2和 m-ZrO2的平
均粒径分别为 15.6 nm，12.6 nm和 14.6 nm，并且，随着反应的进行，一部分 t-ZrO2
会转变为更为稳定的 m-ZrO2。粒径计算结果与两种催化剂金属镍表面积、分散
度测试和操作稳定性测试结果一致。 
由于 Yb3+的离子半径（0.087 nm）与 Zr4+的离子半径（0.079 nm）非常接近，





准工作态催化剂的 XPS谱图结果显示，加入 Yb3+后，准工作态 Ni1.25Zr1Yb0.8
催化剂的 Zr(3d)-XPS谱的位置和形状保持不变，而 Ni(2p)-XPS谱的形状发生变
化。在准工作态 Ni1.25Zr1Yb0.8 催化剂表面，观测到的 Ni 物种存在形态主要是
Ni(OH)2 [Ni(2p3/2) =855.7 eV (B.E.)]（50.8 mol%），其次是 Ni2O3 [Ni(2p3/2) = 857.3 
eV (B.E.)]（34.5 mol%），Ni0 [Ni(2p3/2) = 852.8 eV(B.E.)]（8.3 mol%）和 NiO [Ni(2p3/2) 
= 853.8 eV(B.E.)]（6.5 mol%）含量很少。而在 Ni1.25Zr1催化剂的准工作态表面，
最主要的 Ni物种是 Ni0（44.2 mol%），其次是 Ni(OH)2（30.7 mol%），而 Ni2O3
（15.0 mol%）和 NiO（10.1 mol%）含量很少。 























化剂对 H2的吸附能力提高，在 593 K～923 K的 ESR反应温度区间内，两种催







l 研发出乙醇水蒸气重整用的一种 Yb2O3修饰的高效 Ni-ZrO2催化剂； 
l 在 Yb2O3修饰的 Ni-ZrO2催化剂中,Yb3+使得 c-(Zr-Yb)Oz可以稳定存在。溶解
适量 Yb3+离子于 ZrO2载体中，形成了具有立方氧化锆结构的 Yb-Zr 复合氧
化物（c-(Zr-Yb)Oz），有效抑制了反应过程中 c-ZrO2 向热力学更加稳定的
m-ZrO2的转变，从而避免了催化剂的烧结； 






















Steam-reforming of ethanol or bio-ethanol for hydrogen production using 
renewable resources has been gaining more and more attention in recent years. Steam 
reforming of ethanol (ESR; C2H5OH + 3H2O → 6H2 + 2CO2) is one of the most 
attractive routes among the existing processes for hydrogen production because of 
ethanol’s relatively high hydrogen content, non-toxicity, and safety in storage and 
handling. More importantly, ethanol can be produced renewably by fermentation of 
biomass sources. 
In ESR reaction, catalysts play a crucial role. Active catalysts should maximize 
hydrogen selectivity and inhibit coke formation as well as CO production. Various 
noble metal-supported catalysts were extensively studied for the ESR to produce 
hydrogen, such as Rh (or Pt or Pd)/CeO2–ZrO2 catalysts, Ni–Rh/CeO2 catalyst, 
Ir/CeO2 catalyst and Pt/CeZrO2 catalyst. Among the noble metals, the Rh catalyst 
exhibited a high activity for the ESR, less carbon deposition and high durability 
during the reaction. In practice, however, there is concern of widely use of Rh 
catalysts due to the very high cost of Rh metal. 
Development of non-noble metal-based catalysts practically viable for ESR has 
been the other focus of R&D efforts. The most interesting results have been obtained 
with Co/ZrO2 catalyst, Co/CeO2 catalyst, Ni/Y2O3 and Ni/ZrO2 catalyst, and 
Ni/Mg–Al mixed oxide catalyst. The Ni-based catalysts seem very promising, yet 
some drawbacks remain unsolved due to sintering and coking. Highly dispersed Ni 
particles tend to agglomerate during high temperature operations and in the presence 
of water vapor. The loss of exposed active phase influences catalyst activity, 
selectivity and coke formation, due to the easier formation of carbon filaments over 
larger Ni particles. The operation stability, especially heat-resistance, of the catalyst is 
thus critical in determining the catalytic performance. 
In this work, we report the design and development of a new type of highly 

















displayed high activity and operation stability, as well as fine heat-resistance. The 
catalysts were characterized by means of TEM, XRD, XPS, H2–TPR and H2–TPD, 
and the nature of the promoter action by Yb2O3 was discussed. The progress obtained 
in the present work was briefly described as follows. 
1. Preparation of catalyst and optimization of catalyst composition 
1.1 Preparation of catalyst 
A series of Ni–ZrO2 catalysts doped with Yb2O3, denoted as NiiZrjYbk, were 
prepared by a co-precipitation method. All samples of catalyst precursor were pressed, 
crushed, and sieved to a size of 20-40 mesh for the activity evaluation. 
1.2 Optimization of Ni/Zr molar ratio 
The reactivity of ESR over a series of NiiZr1Yb0.8 catalysts with varying Ni/Zr 
molar ratio (i/1) was first investigated. The results showed that CO2, CO and CH4 
were the main carbon-containing products observed, with the yield of ethyl ether at a 
negligible level. Among the six tested catalysts of NiiZr1Yb0.8, the catalyst with i/1 = 
1.25 (i.e., Ni1.25Zr1Yb0.8) showed the highest activity of catalyzing ESR for hydrogen 
production. Over this catalyst under the reaction conditions of 0.5 MPa, 723 K, 
feed-gas composition of C2H5OH/H2O/N2 = 10/30/60 (molar ratio) and GHSV = 
80,000 mLSTP·h-1·g-cat-1, X(EtOH), S(CO2), S(CO) and S(CH4) reached 24.7%, 75.4%, 
16.2% and 8.4%, respectively, with the corresponding STY(H2) being 0.435 
mol·h-1·g-cat-1; while STY(H2) of the other five catalysts with i/1 = 0.75, 1.00, 1.50, 
1.75, 2.00 was 0.351, 0.397, 0.435, 0.419, 0.399 mol·h-1·g-cat-1, successively, under the 
same reaction conditions. The results displayed also that the X(EtOH) increased to a 
certain extent with increasing Ni/Zr molar ratio, but the Ni/Zr molar ratio higher than 
1.25 led to the side-reaction of methanation of CO2 and CO to be enhanced, with the 
result in increasing S(CH4) and decreasing S(CO2) and S(CO) correspondingly. In 

















to X(EtOH) and STY(H2) as high as possible, the Ni/Zr molar ratio of 1.25/1 was 
chosen to be the optimal one. 
1.3 Optimization of Yb/Zr molar ratio 
We observe that doping an appropriate amount of Yb2O3 into the Ni–ZrO2 based 
catalysts can significantly improve their activity and thermal stability for ESR. The 
activity of the five Ni1.25Zr1Ybk catalysts with varying Yb/Zr molar ratio (k/1) was 
evaluated. The results showed that the catalyst with k/1 = 0.8 (i.e., Ni1.25Zr1Yb0.8) 
displayed the best activity and operating stability. Over this catalyst under the 
aforementioned reaction conditions, X(EtOH), S(CO2), S(CO) and S(CH4) reached 
24.7%, 75.4%, 16.2% and 8.4%, respectively, with the corresponding STY(H2) being 
0.435 mol·h-1·g-cat-1. X(EtOH) of the other four catalysts with k/1 = 0.6, 0.7, 0.9, 1.0 
was 33.8%, 26.8%, 22.0%, 19.5%, successively, with S(CO2) being 65.2%, 71.4%, 
74.9%, 74.3%, S(CO) being 11.4%, 15.9%, 17.5%, 18.9%, S(CH4) being 23.4%, 
12.7%, 7.6%, 6.8%, and STY(H2) being 0.450, 0.444, 0.387, 0.338 mol·h-1·g-cat-1, 
successively, under the same reaction conditions. 
2. Optimization of the reaction operation conditions 
2.1 Optimization of reduction temperature 
The reduction temperature for the precursor of the Ni1.25Zr1Yb0.8 catalyst has a 
marked effect on its performance of catalyzing ESR. The test results showed that the 
catalyst reduced by H2 at 623 K displayed the highest activity for ESR, with X(EtOH), 
S(CO2) and STY(H2) reaching 24.7%, 75.4% and 0.435 mol·h-1·g-cat-1, respectively, 
under the aforementioned reaction conditions. X(EtOH) of the other four catalysts 
reduced by H2 at 523K, 573 K, 673 K and 723 K, respectively, was 15.1%, 19.8%, 
23.9% and 22.2%, with the corresponding S(CO2) being 66.5%, 70.1%, 74.5% and 
72.9%, and STY(H2) being 0.301, 0.398, 0.426 and 0.421 mol·h-1·g-cat-1, successively, 

















2.2 Optimization of raction temperature 
Reaction temperature has a pronounced effect on the conversion of ESR and the 
selectivity of CO2 formation. Experimental results on the catalyst of Ni1.25Zr1Yb0.8 
showed that, under the reaction conditions of 0.5 MPa, feed-gas composition of 
C2H5OH/H2O/N2 = 10/30/60 (molar ratio) and GHSV = 80,000 mLSTP·h-1·g-cat-1, with 
the reaction temperature rising progressively from 623 K, X(EtOH) and STY(H2) 
increased monotonously, while S(CO) descended monotonously. S(CO2) ascended 
quickly before reaching a maximum at 723 K, and then descended, while the 
corresponding S(CH4) descended before reaching a minimum at 723 K, and then 
ascended. In order to simultaneously achieve high S(CO2) and low S(CH4) and S(CO), 
in addition to X(EtOH) and STY(H2) as high as possible, 723 K was taken as the 
optimal operating temperature. 
2.3 Optimization of feed-gas GHSV 
In order to find out the working conditions with great extent of reaction, the 
reactivity of ESR over the Ni1.25Zr1Yb0.8 catalyst was tested under a series of reaction 
conditions with varying GHSV of the feed-gas. The results showed that, under the 
reaction conditions of 0.5 MPa, 723 K and feed-gas composition of C2H5OH/H2O/N2 
= 10/30/60 (molar ratio),with GHSV of the feed-gas rising progressively from 70,000 
mLSTP·h-1·g-cat-1, X(EtOH) decreased monotonously and STY(H2) ascended quickly 
before reaching a maximum at GHSV = 90,000 mLSTP·h-1·g-cat-1, and then slowly 
descended. Meanwhile, S(CO) slowly descended monotonously, while S(CO2) and 
S(CH4) reached a maximum and a minimum, respectively, at GHSV = 90,000 
mLSTP·h-1·g-cat-1. In order to simultaneously achieve high STY(H2) and S(CO2) and low 
S(CH4) and S(CO), in addition to X(EtOH) as high as possible, GHSV of the feed-gas 
was set at 90,000 mLSTP·h-1·g-cat-1. 

















The ESR reactivity over the Ni1.25Zr1Yb0.8 catalyst with varying feed-gas 
compositions was evaluated. The results showed that, under the reaction conditions of 
0.5 MPa, 723 K, and GHSV = 90,000 mLSTP·h-1·g-cat-1,with mol% of the pre-mixed 
EtOH–H2O (molar ratio of 1:3) in the feed-gas ((EtOH–H2O) + N2) rising 
progressively from 30% to 80%, X(EtOH), S(CO) and S(CH4) slowly descended 
monotonously. Meanwhile, S(CO2) maintained at a high level of 75%~78%, and 
STY(H2) descended progressively after reaching a maximum at mol% = 50%. In order 
to achieve both high STY(H2) and low consumption of raw-material ethanol, 
EtOH/H2O/N2) = 12.5/37.5/50 (mol./mol./mol.) was taken as the optimal composition 
of feed-gas. 
3. Performance of the Yb2O3-doped Ni–ZrO2 catalyst for ESR 
3.1 Performance of Ni1.25Zr1Yb0.8 catalyst 
The ESR reaction was conducted under the aforementioned optimized reaction 
conditions: 0.5 MPa, 723 K, feed-gas composition of EtOH/H2O/N2 = 12.5/37.5/50 
(molar ratio), and GHSV = 90,000 mLSTP·h-1·g-cat-1. The results taken at 120 h after the 
reaction started showed that, over the Ni1.25Zr1Yb0.8 catalyst, X(EtOH) reached 18.2%, 
with the corresponding STY(H2) being 0.396 mol·h-1·g-cat-1. This STY(H2) value was 
1.6 times that (0.247 mol·h-1·g-cat-1) of the corresponding Yb-free counterpart, 
Ni1.25Zr1. 
3.2 Operation stability of Ni1.25Zr1Yb0.8 catalyst 
Operation stability test lasting 240 h showed that, over the Yb-containing 
catalyst throughout the reaction, X(EtOH), S(CO2) and STY(H2) all maintained stable 
at the respective level. In contrast, over the Yb-free counterpart, X(EtOH), S(CO2) and 
STY(H2) all descended gradually, and fell to 7.0%, 65.1% and 0.204 mol·h-1·g-cat-1 at 
240 h after the reaction started from 17%, 77% and 0.330 mol·h-1·g-cat-1 at 20 h after 
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